To determine the possibility to deconvolve measured BOLD responses to neuronal signals, the rat perforant pathway was electrically stimulated with 10 related stimulation protocols. All stimulation protocols were composed of lowfrequency pulse sequences with superimposed high-frequency pulse bursts. Because high-frequency pulse bursts trigger only one synchronized spiking of granular cells, variations of the stimulation protocol were used: (a) to keep the spiking activity similar during the presentation of different numbers of pulses, (b) to apply identical numbers of pulses to induce different amounts of spiking activity, and (c) to concurrently vary the number of applied electrical pulses and resultant spiking activity. When complex pulse sequences enter the hippocampus, an unspecific default-like BOLD response is first generated, which relates neither to the number of incoming pulses nor to the induced spiking activity. Only during subsequent stimulations does the initial unspecific response adjust to a more adequate response, which in turn either strongly related to spiking activity when low-frequency pulses were applied or depended on the incoming activity when high-frequency pulse bursts were presented. Thus, only the development of BOLD responses during repetitive stimulations can predict the underlying neuronal activity and deconvolution analysis should not be performed during an initial stimulation period.
Introduction
Functional magnetic resonance imaging (fMRI) is frequently used to study functional connectivities in the brain. Because the relevant interactions take place at the neuronal level the measured BOLD-fMRI signals have to be deconvolve to neuronal activities. That means based on the measured hemodynamic parameters, a pattern of neuronal activity has to be determined, which should correlate with each other in case there is a functional connectivity between two regions. This turns out to be problematic because the relation between BOLD signal and neuronal activity is nonunique. [1] [2] [3] Variations in BOLD signal as a basis for fMRI reflect a complex hemodynamic reaction to altered neuronal activity. On the one hand, increased neuronal activity affects the local blood flow, i.e. released vasoactive factors dilate arterioles, leading to functional hyperemia; on the other hand, the increased neuronal activity requires additional energy, thus the local glucose and oxygen consumption also increases. In most cases, the increased supply of blood oxygen exceeds the actual consumption and as a consequence, the venous blood becomes more oxygenated, which in turn increases the signal intensity in a T Ã 2 -weighted image. 4, 5 The neurophysiological processes that link neuronal activity with hemodynamic responses (i.e. neurovascular coupling) have been extensively studied [6] [7] [8] [9] [10] [11] and it appears that neuronal activitydependent rather than energy metabolite-mediated mechanisms control the vascular response. 12 In general, neuronal activity comprises synaptic (input) and spiking (output) activity, both of which could have an impact on the BOLD response formed. Both forms of neuronal activity are mutually dependent and as long as they change in the same way, stimulusinduced variations in BOLD signal intensities can be related to variations in neuronal activity. 13 Initial studies indicated a stronger relation of the BOLD response to (post)synaptic activity than to spiking activity, 9 whereas later studies, especially using optogenetic stimulation of glutamatergic neurons, instead also pointed to spiking-related mechanisms [14] [15] [16] ; however, a similar approach indicated that the amount of (post)synaptic activity better related to the formed BOLD response. 17 Thus, there are evidences from optogenetic approaches and peripheral (visual) stimulations that favor synaptic activity as driving force for the formation of a BOLD response. 9, 17 But there are also evidences from optogenetic approaches and peripheral (auditory) stimulations for a crucial role of spiking activity 18, 19 for the formation of a BOLD response as well as evidences from optogenetic and electrical stimulation approaches that the two forms of neuronal activity control the generation of a BOLD response. 20, 21 To disentangle the contribution of each individual component to the BOLD response, an experimental approach is required that keeps one form of neuronal activity similar under one experimental condition (i.e. same animal species, form of stimulations and region of activation), while the other form is altered. In previous studies, we used electrical perforant pathway stimulation with low frequency pulse trains or high frequency burst pulses to trigger monosynaptic neuronal responses in the dentate gyrus. 22, 23 This approach has the advantage that by electrical stimulation of a central fiber bundle only axons projecting directly to the hippocampus are targeted. Thus, each applied electrical pulse elicits one action potential that arrives in the dentate gyrus or other parts of the hippocampal formation. Therefore, the number of applied pulses (defined by the specific stimulation protocol) is synonymous with the incoming activity. Concurrently, the induced spiking activity of the principal neurons in the dentate gyrus, i.e. the granular cells, can be measured as population spike by extracellular field recordings. The population spike amplitude relates to the amount of synchronized spiking of the granular cells and therefore it represents the amount of output activity 24 from the dentate gyrus. That means, input activity and output activity can be related to the simultaneously measured BOLD response in the dentate gyrus. Whereas low frequency pulses trigger one population spike per incoming pulse, high frequency pulses trigger only one population spike to the first incoming pulse in most cases. Consequently, the combination of low frequency pulse stimulation (e.g. 1, 5, 10 Hz) with superimposed high-frequency pulse bursts (i.e. 2, -20 pulses) allows the application of specific pulse patterns, in which the same number of electrical pulses (i.e. the same amount of input activity) trigger different numbers of population spikes or a different number of electrical pulses (i.e. different amount of input activity) trigger the same number of population spikes ( Figure 1 ). Consequently, this experimental approach allows conclusions to be drawn about the impact of incoming and/or outgoing activity for the formation of a BOLD response.
Material and methods
Animals were cared for and used according to a protocol approved by the animal experiment committee, and in conformity with the European convention for the protection of vertebrate animals used for experimental purposes and institutional guidelines 86/609/CEE, 24 November 1986 
Surgery and electrode implantation
Nine-week-old male Wistar-Han rats (270-330 g) were deeply anesthetized with Nembutal (40 mg/kg, i.p.) and placed in a stereotactic frame. To stimulate the hippocampal formation, a bipolar stimulation electrode (114 mm in diameter, Teflon-coated tungsten wire, A-M Systems) was placed into the perforant pathway (AP: À6.9 mm; ML þ 4.1 mm from Bregma; DV 2.3-3.0 mm from dural surface) of the right hemisphere, according to the atlas of Paxinos and Watson. 25 For measuring the electrophysiological response in the hippocampus, a monopolar recording electrode (AP: À2.8 mm, ML: À1.8 mm; DV: 2.9-3.5 mm from Dura) was placed in the granular cell layer of the right dentate gyrus. The correct placement of stimulation and recording electrodes during the implantation was verified by measuring monosynaptic field potentials. Silver-wire grounding and reference electrodes were placed on the dura of the left skull and fixed with plastic screws and dental cement.
Electrical stimulation and fMRI
All combined electrophysiology/fMRI measurements were performed on a 4.7 T Bruker Biospec 47/20 animal scanner (free bore of 20 cm) equipped with a BGA09 (400 mT/m) gradient system (Bruker BioSpin GmbH, Ettlingen, Germany). A 50 mm Litzcage small animal imaging system (DotyScientific Inc., Columbus, SC, USA) was used for the RF signal reception.
All animals were initially anesthetized with isoflurane (1.5-1.8%; in 50:50 N 2 :O 2 ; v:v) and the anesthesia was switched to deep sedation by the application of medetomidine (Dorbene, Pfizer GmbH, bolus: 50 mg/kg s.c. and after 15 min 100 mg/kg per h s.c.) after animals were fixed into the head holder and connected to recording and stimulation electrodes.
All necessary MRI and electrophysiological adjustments for the simultaneous fMRI experiment were set in parallel before the measurements began. Breathing, heart rate, and oxygen saturation were monitored throughout the experiment by an MRI-compatible pulse oximeter (MouseOX TM ; Starr Life Sciences Corp., Pittsburgh, PA, USA). Heating was provided from the ventral site. To determine the appropriate stimulation intensity for the fMRI experiment, the perforant pathway was first stimulated with single test Figure 1 . Summary of the applied stimulation protocols. During all experiments, the perforant pathway was stimulated with 20 consecutive stimulation trains. The first stimulation train (indicated by red boxes) was applied 2 min after starting fMRI. Each stimulation train lasts for 8 s and was followed by 52 s rest (indicated by the gray boxes). During the first set of experiments, continuous 1, 5, 10, or 20 Hz pulses were applied during each stimulation train. During these stimulation frequencies, each applied pulse elicited one population spike; consequently, under these conditions, the input (i.e. applied pulses) and output activity (number of population spikes) vary in a similar way (Experiment 1). In a second set of experiments, high frequency pulses (5, 10, or 20) were superimposed on a 1 Hz stimulation protocol. Because only one population spike was generated to the first pulse of the burst during these conditions, whereas all subsequent pulses only generated fEPSPs, the number of population spikes was similar. Consequently, only the incoming activity varied, whereas the output activity remained similar (Experiment 2). During the third set of experiments, the perforant pathway was additionally stimulated with 5 Hz-4 pulses and 10 Hz-2 pulses; thus, there were four different experimental conditions in which 20 pulses were applied but different numbers of population spikes were generated (Experiment 3).
pulses (pulse duration 0.2 ms) at increasing intensities (i.e. 3 test pulses at 10 s intervals with the following intensities: 100, 200, 300, 400, 500, 600 mA; recordings were made at an interval of 2 min except for values above 400 mA, which was taken after a 4-min interval). According to this input/output curve, the stimulation intensity that elicited 50% of the maximal population spike amplitude was determined for each animal and used for the continuous stimulation protocol (i.e. the stimulation intensity was between 200 and 300 mA).
The perforant pathway was stimulated with 20 consecutive stimulation trains; the first train was presented 2 min after starting the fMRI session. Each train lasted 8 s and was followed by 52 s rest, thus at the beginning of every minute, one stimulation train was applied. The stimulation sequence for each train is summarized in Figure 1 . The total scanning time for the combined fMRI-electrophysiology experiment was 22 min. The combined fMRI and electrophysiology session started 30 min after placement of the rat in the scanner, thus total time for pre-adjustments and data acquisition was less than 1 h.
The electrophysiological responses during stimulation were recorded with a sample rate of 5000 Hz, filtered between 1 and 5000 Hz by using a differential amplifier EX 4-400 (Science Products, Hofheim, Germany), transformed by an analogue-to-digital interface (power-CED, Cambridge Electronic Design, Cambridge, UK) and stored on a personal computer. No further processing filter was needed, because the minor artifacts of the imaging system were small in comparison with the recorded field potential.
For anatomical images, 10 horizontal T 2 -weighted spin-echo images were obtained with a RARE sequence (rapid acquisition relaxation enhanced 26 ) with the following parameters: TR 4000 ms, TE 15 ms, slice thickness 0.8 mm, FOV 37 Â 37 mm 2 , matrix 256 Â 256, RARE factor 8, and number of averages four. The total scanning time was 8 min 32 s. fMRI was performed with a gradient EPI (echo planar imaging) sequence with the following parameters: TR 2000 ms, TE 24 ms, slice thickness 0.8 mm, FOV 37 Â 37 mm 2 , matrix 92Â 92, and total scanning time per frame 2 s. The slice geometry, i.e. 10 horizontal slices, was identical to the previously obtained anatomical spin-echo-images.
Data processing and analysis
The functional data were loaded and converted into BrainVoyager data format. A standard sequence of preprocessing steps implemented in the BrainVoyager QX software (Brain Innovation, Maastricht, the Netherlands), such as slice scan time correction, 3D motion correction (trilinear interpolation and reduced data using the first volume as a reference), and temporal filtering (high pass GLM-Fourier: three sines/cosines and Gaussian filter; FWHM 3 data points) were applied to each data set. Because the reconstruction of the fMRI images resulted in a 128 Â 128 matrix (instead of the 92 Â 92 imaging matrix), a spatial smoothing (Gaussian filter of 1.4 voxel) was added. Functional activation in each individual animal was analyzed by using the correlation of the observed BOLD signal intensity changes in each voxel with a predictor (hemodynamic response function), generated from the given stimulus protocol (see above); based on this, the appropriate activation map could be generated. To calculate the predictor, the square wave representing stimulus on and off conditions was convolved with a double gamma hemodynamic response function (onset 0 s, time to response peak 5 s, time to undershoot peak 15 s). To exclude false-positive voxels, we only considered those with a significance level (p) above the threshold set by calculating the false discovery rate (FDR) with a q-value of 0.05 (which corresponds to a t value greater than three or p < 0.005). The BOLD time series depicted for each region represent variations in BOLD signal intensities of all significantly activated voxels in the corresponding region of interest. The BOLD time series shown in all figures are the averages (arithmetic mean) of all BOLD signal time series measured in all individual animals AE standard deviations (SD).
Based on these BOLD time series, event-related BOLD responses were calculated by measuring the signal intensities starting six frames before stimulus onset (À12 s until 0 s), during stimulus presentation (between 0 and 8 s, which corresponds to four frames) and the following 15 frames (8 to 38 s) after the end of the stimulus (Figure 2 ). To avoid the confounding effect of putative variations in baseline BOLD signal intensities on the calculated BOLD response (i.e. BOLD signal stimulus / BOLD signal baseline Â 100%), each BOLD response was related to BOLD signal intensities of the stimulus over the preceding 12 s. To compare average maximal BOLD responses between conditions, a two-tailed unpaired Student's t-test was performed. Differences were considered significant at a calculated p-value < 0.05.
To summarize the spatial distribution of significantly activated voxels during a particular stimulation condition, all fMRI data sets were aligned to a 3D standard rat brain using anatomical landmarks. These data sets were then further analyzed with a linear regression analysis (general linear model (GLM) and multi-subject analysis implemented in BrainVoyager QX software). To provide a conservative representation of the main effects, the significance level was set to t min ¼ 6 (p < 7.2 Â 10 À9 ). All significantly activated voxels were converted into volumes of interest (VOI), from which surface clusters were created and visualized with the BrainVoyager VOI analysis tool.
Electrophysiological data were normalized to the response to the first pulse (¼1) and plotted as relative changes. To visualize the development of the responses during consecutive stimulation trains, all responses in one train were averaged ( Figure S1a ).
Results
To study to what degree input (i.e. synaptic) and output (i.e. spiking) activity control the resultant BOLD response in the hippocampus, three different sets of experiments were performed. During the first set of experiments (Experiment 1), four stimulation protocols were used, in which an increasing number of applied electrical pulses triggered a concurrently increased number of population spikes, i.e. input and output activities varied similarly. During a second set of experiments (Experiment 2), four related stimulation protocols were used, in which a different number of applied electrical pulses triggered the same number of population spikes, i.e. only the input activity varied whereas the number of generated population spikes remained similar. During a third set of experiments (Experiment 3), again four related stimulation protocols were compared in which the same number of applied electrical pulses triggered different numbers of population spikes, i.e. the numerical input activity was kept constant whereas the output activity varied (Figure 1 ).
In general, consecutive identical stimulation trains caused highly variable BOLD and electrophysiological responses (Figures 2 and 3) , except for most of the 1 Hz stimulation protocols. Generally, the first stimulation train caused a substantial BOLD response that was followed by an ongoing elevated BOLD signal intensity, which in turn obscured a putative BOLD response to the second train. This elevated BOLD signal intensity coincided with the appearance of heavy neuronal afterdischarges as already observed and described earlier. 22 The individual pulses during the first stimulation train generate a very variable response pattern, i.e. the amplitudes and latencies of consecutive population spikes differed considerably (Figures 3 and S2 ). Thereafter, BOLD responses recovered during the following two trains and then declined continuously during all succeeding trains, but with a different rate ( Figure 2 ). This was paralleled by the development of a repeating response pattern that remained similar after train 5 and subsequently only differed in regard to the population spike amplitude (Figures 3 and S2 ). Based on this general BOLD time series and related electrophysiological response patterns, the response during the first train was considered a response of the naı¨ve dentate gyrus/hippocampus to the stimulus, whereas the responses to the following three trains were considered to reflect a functional reorganization of intrahippocampal circuitry to the incoming pulse pattern. The responses to the following trains were considered to reflect an adaptation of intra-hippocampal circuitry to these repetitive stimulations. Consequently, the response to the first stimulation train was used to compare the effect of different stimulation protocols on the resultant magnitude of the BOLD response and the last 16 trains were used to correlate variations in neuronal activity (i.e. spiking of the principal neurons) and resultant maximal BOLD responses, assuming that during this time period the general processing of the incoming activity varies only quantitatively, rather than qualitatively.
Variations in electrophysiological and BOLD responses during consecutive electrical stimulations of the perforant pathway with continuous 1, 5, 10, and 20 Hz pulse sequences (Experiment 1)
In the first set of experiments, the perforant pathway was electrically stimulated for 8 s with eight pulses (i.e. 1 Hz; n ¼ 7), 40 pulses (i.e. 5 Hz; n ¼ 15), 80 pulses (i.e. 10 Hz; n ¼ 9), or 160 pulses (i.e. 20 Hz; n ¼ 9). Because under these conditions every pulse elicited one population spike, an increase in input activity causes a concurrent increase in output activity. Consecutive continuous 1 Hz pulse stimulation trains caused almost similar BOLD responses, whereas consecutive continuous 5, 10, and 20 Hz stimulation trains caused highly variable BOLD responses, as described above (Figure 2(a) ). The BOLD responses induced by the first continuous 5, 10, and 20 Hz stimulation trains were similar and significantly stronger than the BOLD response induced by the first continuous 1 Hz stimulation train. During these conditions, the first stimulation train also caused heavy after-discharges that lasted for up to 30 s, recognizable by an elevated BOLD signal intensity baseline. Thus, the formation of a BOLD response to the second stimulus train was obscured. After the third stimulation train, BOLD responses recovered and during the fourth stimulation train, the magnitudes of the BOLD response depended on the number of incoming stimuli, i.e. 5 Hz < 10 Hz < 20 Hz (Figure 2(a) ). During subsequent stimulation trains, the magnitude of BOLD responses declined continuously.
Similar to the formed BOLD responses, the electrophysiologically recorded neuronal responses varied during repetitive stimulation trains. During consecutive 1 Hz stimulation trains, the average population spike amplitude per train slightly decreased during consecutive trains, whereas the average latency per train remained almost constant (Figures 3 and S2 ). Within each train, the eight individual responses varied only slightly ( Figure  3(a) ). In contrast, average population spike amplitudes and latencies varied considerably during consecutive 5, 10, and 20 Hz stimulations. The first 5 Hz stimulation train caused an augmentation of individual responses to consecutive pulses that almost collapsed during the second train and recovered during the third. Starting with the fourth train, the average population spike amplitude declined continuously, although a steady increase of the population spike amplitude to consecutive pulses still occurred within each train. The first 10 and 20 Hz stimulation trains caused irregular spiking patterns. During the second train, stronger synchronized spiking activity of granular cells was observed which then gradually declined during all subsequent stimulation trains. Within each train, the responses increased after the first pulse.
Based on the development of summed neuronal responses during each individual train and resultant BOLD responses, strong correlations between average spiking activity and BOLD responses were found during continuous 5, 10, and 20 Hz stimulation trains, however only after functional reorganization of the hippocampal circuits, i.e. after train 4 ( Figure 5 ).
Consecutive 1 Hz stimulation trains only induced significant BOLD responses in the dentate gyrus region of the dorsal right hippocampus (Figure 4) . The spatial distribution of significant BOLD responses only declined slightly during repetitive stimulations. In contrast, consecutive 5 Hz stimulation trains caused a highly variable spatial pattern of significantly activated voxels. The early stimulation trains (i.e. trains 5-11) generated significant BOLD responses in large parts of the right hippocampus. Later, i.e. during trains 14-20, BOLD responses were only observed in a smaller area of the right hippocampus. During repetitive 10 Hz stimulations, significant BOLD responses were initially induced in large parts of the left and right hippocampus, but only in small areas of the right hippocampus during late trains. Thus, the spatial distribution of significantly activated voxels decreased considerably during repetitive stimulations. The first 20 Hz stimulation train induced initially significant BOLD responses in almost the entire right and left hippocampus, adjacent right EC, the ventral tegmental area/substantia nigra region (VTA/SN), and in the nucleus accumbens (NAcc). During late stimulations, i.e. trains 14-20, the spatial distribution of significant BOLD responses declined and no significant BOLD responses were observed outside the hippocampal formation (Figure 4) .
In summary, stimulation frequencies ! 5 Hz generated similar BOLD responses in the hippocampus during the first stimulation train. Only after functional reorganization of the intra-hippocampal circuitry did the BOLD responses diverge so that stronger BOLD responses were induced with higher pulse frequencies.
The spatial distribution of significantly activated voxels declined during consecutive stimulation with frequencies ! 5 Hz but remained similar during stimulation with 1 Hz.
Variations in electrophysiological and BOLD responses during consecutive electrical stimulations of the perforant pathway with different 1 Hz stimulation protocols (Experiment 2)
In the second set of experiments, high frequency pulse bursts were superimposed on a 1 Hz stimulation protocol. All of these stimulation protocols elicited only one population spike to the first pulse. Thus, the application of a single pulse (n ¼ 7) or 5 (n ¼ 8), 10 (n ¼ 7), or 20 (n ¼ 11) consecutive pulses with interpulse intervals of 10 ms caused the same number of population spikes, although the incoming activity varied by the factors of 5, 10, or 20.
The application of five pulses per burst caused significantly stronger BOLD responses than single pulses, both during the first and following all stimulation trains (Figure 2(b) ). This was accompanied by the generation of a population spike with increased averaged amplitudes and reduced averaged latencies (Figures 3b and  S2b) . Both, the maximal BOLD responses and the average population spike amplitudes decreased slightly during consecutive trains; thus, these two factors are moderately correlated ( Figure 5 ). Figure 5 . The relation between spiking activity (i.e. averaged population spike amplitude, see Figure 3 ) and the resultant BOLD response (see Figure 2 ) depends on the applied stimulation pattern. Strong correlations between these two factors were only found after an initial default-like BOLD response (i.e. induced by the first stimulation train, red dot) and followed by a short period of functional reconfiguration (train 2-4, pale dots). During stimulation with ! 10 high-frequency burst pulses, this correlation is nonexistent.
In contrast to the 1 Hz-1-pulse stimulation protocol, the spatial distribution of significant BOLD responses during stimulation of the perforant pathway with the 1 Hz-5-pulse stimulation protocol was not restricted to a small area within the right hippocampus, but extended to almost the entire right dorsal hippocampus and part of the adjacent entorhinal cortex (EC). The spatial distribution of significant BOLD responses remained almost stable during the entire experiment ( Figure 4) .
The application of 10 high-frequency pulses per burst generated BOLD responses with higher magnitudes during the first and following all stimulation trains than repetitive bursts with five consecutive pulses. Under this stimulation condition, the electrophysiologically recorded neuronal responses increased during the second train and then declined continuously during all subsequent stimulation trains. Because the BOLD responses remained almost constant, there was no correlation between spiking activity and the resultant BOLD response (Figures 2(b) , 3(b), and 5).
The application of 20 pulses per burst again generated significantly stronger BOLD response than bursts with 10 pulses during the first and during the last 16 stimulation trains. Only during the second stimulation train the formed BOLD response was smaller (Figure 2(b) ). This coincided with the appearance of neuronal after-discharges that did not occur during the other 1 Hz stimulation protocols. The 1 Hz-20-pulse protocol generated similar BOLD responses between trains 5 and 20, whereas the electrophysiologically measured responses continuously declined during this period. Consequently, no significant correlation between spiking activity and the resultant BOLD response was found under this stimulation condition ( Figure 5 ).
Increasing the number of pulses per burst to 20 did not only cause an increased magnitude of individual BOLD responses but also a larger spatial distribution of significantly activated voxels, i.e. significant BOLD responses were also observed in the left HC and adjacent EC. Similar to the 1 Hz-5-pulse and 1 Hz-10-pulse stimulation protocols, the spatial distribution of significant BOLD responses remained almost stable during repetitive 1 Hz-20-pulse stimulations (Figure 4) .
To test whether a further increase of pulses per burst causes a further increase of the generated BOLD response, the perforant pathway was also stimulated with 50 pulses per burst (n ¼ 7). Because previous experiments indicated that a further increase of pulses per second may cause repetitive and heavy after-discharges, 22 the inter-train interval was extended to 112 s. This stimulation protocol initially caused the same BOLD response as stimulation of the perforant pathway with 20 pulses per burst, but after the second stimulation train, the triggered BOLD responses were significantly stronger than during the initial stimulation (Figure 2(b) ).
In summary, the higher the number of pulses per burst, the higher was the magnitude of the induced BOLD response. During the first train, the maximal BOLD response was induced by bursts with 20 pulses; thus, higher numbers of pulses, e.g. 50 pulses, did not further affect the BOLD response. In contrast, after the third stimulation train, this limitation was not present. Bursts of 50 pulses caused stronger BOLD responses than during the initial first train and stronger BOLD responses than bursts with 20 trains. The spatial distribution of significantly activated voxels remained almost stable during early and late stimulation trains.
Variations in electrophysiological and BOLD responses during consecutive electrical stimulations of the perforant pathway with different 20 pulse stimulation protocols (Experiment 3)
In the first two sets of experiments, the perforant pathway was stimulated with different numbers of pulses per stimulation train. In a third set of experiments, four different stimulation protocols were compared in which the same number of pulses was applied, i.e. the perforant pathway was always stimulated with 20 pulses per second. In addition to the already described continuous 1 Hz-20-pulse and 20 Hz stimulation protocols, a 5 Hz-4-pulse (n ¼ 15) and a 10 Hz-2-pulse (n ¼ 9) stimulation protocol were applied. Although the same number of pulses was always applied, these protocols triggered different numbers of population spikes per second.
All four different 20 pulse stimulation protocols generated similar magnitudes of BOLD responses during the first stimulation train and the responses to the second stimulation train collapsed during all four 20 pulse stimulation protocols (Figure 2(c) ). Thereupon, BOLD responses developed in a stimulus protocol-specific manner. Continuous 20 Hz and 10 Hz-2-pulse stimulation trains generated significantly stronger BOLD responses after the third train than during the first train, which then declined at a fast rate (Figure 2(c) ). In contrast, maximal BOLD responses during the 1 Hz-20-pulse and 5 Hz-4-pulse protocols did not reach the initial value and were similar during the fourth train. Whereas BOLD responses during 1 Hz-20-pulse stimulation trains remained almost stable, BOLD responses during consecutive 5 Hz-4pulse stimulations declined continuously. As a consequence of these individual developments, the strongest BOLD response during late trains was induced by the 1 Hz-20-pulse stimulation protocol.
In summary, all 20 pulse stimulation protocols initially caused the same hemodynamic response. After the third stimulation train, the BOLD responses split into two groups, i.e. similarly increased BOLD responses during 20 Hz and 10 Hz-2-pulse stimulations and similarly reduced BOLD responses during 5 Hz-4pulse and 1 Hz-20-pulse stimulations. During subsequent stimulation trains, the maximal BOLD responses declined in a stimulus protocol-dependent manner, i.e. the higher the number of pulses per burst, the lower the decline.
Variations in electrophysiological and BOLD responses during electrical stimulations of the perforant pathway with continuous low frequency, i.e. 5 Hz, and bursts of high-frequency, i.e. 1 Hz-20pulses, stimulation protocols (Experiment 4) So far, the perforant pathway was stimulated with only one specific stimulation pattern. In an additional set of experiments, we tested whether the general development of BOLD responses to consecutive stimulations, i.e. fast decay during continuous low frequency stimulations and slow decay during consecutive highfrequency pulse bursts, remains present when these two forms of stimulations alternate. The perforant pathway was stimulated with ten 1 Hz-20-pulse and ten continuous 5 Hz stimulation trains. The trains were randomized and counter-balanced. Because the first stimulation trains may define the subsequent response pattern, the order was reversed in the second experiment ( Figure 6 ). As expected, the first BOLD response was similar in the two alternating experiments, i.e. the initial 5 Hz (n ¼ 11) and the 1 Hz-20-pulse (n ¼ 11) stimulation protocols caused similar hemodynamic responses in the right hippocampus. The decay rate of the BOLD responses to subsequent stimulation trains was similar during the two alternate stimulation protocols and also similar for the two individual stimulation conditions ( Figure 6 ). Consequently, during alternate stimulations, the 5 Hz stimulation protocol did not cause a strong reduction of BOLD responses during subsequent trains, as observed during solely 5 Hz stimulation trains. When the stimulation paradigm started with 5 Hz, the maximal BOLD responses of all subsequent 1 Hz-20-pulse stimulation trains were reduced. In contrast, an initial 1 Hz-20-pulse stimulation paradigm did not significantly modify subsequent BOLD responses to 5 Hz stimulation trains.
Discussion
In the present study, 10 different stimulation conditions were used to activate the hippocampal formation and measure both the induced neuronal activity in the dentate gyrus and the resultant BOLD response in the hippocampus and entire brain. The current results strengthen previous observations that the quantity and quality of neuronal activity in a given region cannot be unambiguously inferred from measured hemodynamic responses in this region. 27 This previous study already demonstrated that the same numerical amount of incoming pulses, when applied in a different pattern, can generate different BOLD responses. This study extends this finding by the observation that a similar amount of spiking activity corresponds to different BOLD responses when the causative incoming pulses differ in their pattern. Therefore, the main determinant for the formation of a BOLD response is the quality of local signal processing that sometimes relates more closely to the incoming or to the outgoing activity. Furthermore, by analyzing the spatial and qualitative developments of individual BOLD responses to consecutive stimulations, one may now draw the first conclusions about basic neurophysiological processes responsible for the observed BOLD responses. The main results of the current study are: (a) First, an unspecific nonlinear BOLD response is generated in the hippocampus when a complex pulse sequence enters the hippocampus. Only during subsequent stimulations, the initial unspecific (default-like) BOLD response will adjust to a more adequately aligned response, which then adapts, like the corresponding electrophysiological responses, during subsequent trains. Consequently, deconvolution analysis required for determining functional connectivities should not be performed during initial stimulation periods. (b) Consecutive continuous pulse trains with a frequency up to 20 Hz cause significant BOLD responses that decrease in both amplitude and spatial distribution during repetitions, whereas high-frequency burst pulse trains (inter-pulse interval 10 ms) cause BOLD responses that remain relatively stable during repetitions. Furthermore, intermittent high-frequency pulse trains lower the general decline of BOLD responses during repetitive low frequency pulse trains.
Relation between electrophysiologically measured neuronal response and resultant BOLD response
There is a long-lasting effort to relate the measured BOLD responses to the underlying neurophysiological processes. There are two basic questions: (a) What kind of neuronal activity, i.e. pre/post-synaptic activity and/ or spiking activity of principal and/or interneurons, controls the measured hemodynamic response and (b) what signaling pathways mediate neurovascular coupling, i.e. what messenger molecules are released in an activity-dependent manner from neuronal and/or glia cells that locally modify hemodynamics. The second question is extensively studied under in vivo [28] [29] [30] [31] [32] [33] [34] and in vitro conditions, [35] [36] [37] [38] [39] [40] whereas the first question can only be adequately addressed under in vivo conditions by using combined electrophysiology and fMRI. Starting with the work of the Logothetis group, 9 simultaneous extracellular recordings of field potentials and BOLD responses in the visual cortex of monkeys during peripheral stimulation became possible. Later, defined electrical stimulation of a central fiber bundle that monosynaptically projects to one brain region in which extracellular field recordings and BOLD signals were measured 41 extended the experimental setup, and recently, targeted optogenetic activation of subsets of neurons in one particular region 16, 18, 42, 43 allowed studies of the role of specific transmitter systems for the resultant BOLD response.
To relate neurophysiological processes with hemodynamic responses, a (linear) relationship is required between at least one electrophysiologically measurable parameter and the measured BOLD response that remains present during the entire experiment, i.e. during consecutive stimulations. A previous study has already indicated that the actual excitability of the principal cells affects the prevailing mechanism for the formation of BOLD responses, 20 a result that the current study also confirms. As the intrinsic excitability may change during repetitive stimulations, a putative existing relationship between one mechanism (i.e. spiking or synaptic mediated processes) and the resultant BOLD response may become easily obscured. In addition, the current study indicates that during complex stimulations of the hippocampus, only a default-like BOLD response is initially induced that is independent of the total amount of synaptic and/or spiking activity and only after this will the BOLD response relate to the electrophysiological parameters of neuronal activities. These two confounding factors, possible changes in the weighting of synaptic-or spiking-related mechanisms, as well as the switch from default to an adjusted BOLD response, can be minimized by analyzing data acquired after adjustment of the neurovascular system, i.e. after the third or fourth consecutive stimulation. This also indicates that functional connectivities based on BOLD fMRI data should not be calculated during the first stimulation period.
What defines the initial default-like BOLD response is still unclear. It is certainly not a simple ceiling effect, i.e. the maximal possible BOLD response that can be induced in this area. During several stimulation conditions (i.e. 20 Hz, 10 Hz-2-pulse, and 1 Hz-50-pulse), significantly stronger BOLD responses were induced during trains 4-7 when compared with the initial default-like response. Similarly, an unspecific hemodynamic effect, e.g. a stimulus-dependent increase in blood pressure, is not likely because no BOLD signal intensity changes were concurrently found in other brain regions. Recent work indicates that vascular responses to increased neuronal activities are largely mediated by feedforward rather than by energy-consumption-related feedback mechanisms. 10, 12, 38 Nevertheless, both mechanisms crucially relate on each other, in a sense that neuronal activity affects cellular cytoplasmic and mitochondrial Ca 2þ homeostasis, which in turn dictates the existing baseline state and by that metabolic or spontaneous neural activity. 44 Thus, it is tempting to speculate that during initial stimulation, the Ca 2þ homeostasis in neurons and glia is changed and this change persists longer than 52 s, the period between two consecutive stimulation periods. As especially astrocyte calcium signaling is crucial for neurovascular coupling, 8, 45, 46 any lasting changes in Ca 2þ homeostasis should affect subsequently formed BOLD responses. Therefore, we speculate that neurovascular coupling processes differ between the first and subsequent stimulation periods. Further experiments are required to determine whether repetitive stimulations cause changes in the release of vasoactive substances from neurons and/or glia and/or whether the stimulusinduced altered intracellular Ca 2þ concentrations in neurons and glia modifies the efficacy of neurovascular coupling processes. The latter experiments are now feasible because fMRI can be combined with measurements of intracellular Ca 2þ concentrations. [47] [48] [49] What can be inferred from a measured BOLD response in the hippocampus?
So far, most of the combined electrophysiological fMRI studies have been aimed at defining neurophysiological parameters that best relate to the measured hemodynamic response. 9, [50] [51] [52] [53] Of particular interest, however, would be an answer to the converse question: does the measured hemodynamic response predict specific changes in neuronal activities (other than there is an altered activity)? In the current study, we applied 10 different stimulation protocols, all using identical pulse properties, i.e. identical pulse duration and intensity. The same stimulation parameters were also used in previous studies, i.e. continuous 0.625, 1.25, 2.5 Hz stimulations, 23 continuous 100 Hz stimulations, 22 and continuous 2 Hz stimulations, paired pulse stimulations with different inter-pulse intervals. 20 Thus, an extensive Table 1 . BOLD responses and the underlying alterations in neuronal activities.
Stimulation train
Neuronal activity BOLD response 1) first (initial) basic frequency 2Hz and short pulse trains ( 5 pulses) basic frequency !5Hz or long pulse trains (!10 pulses) complex activation pattern restricted to dentate gyrus entire right hippocampus (i.e., dentate gyrus, CA1-CA4 and subiculum default-like response 2) early (between 3 and 7) basic frequency !10Hz or long pulse trains (!50 pulses) basic frequency <10Hz orshort pulse trains (<50 pulses) magnitude of BOLD response higher than during initial train magnitude of BOLD response lower than during initial train 3) late (between 10 and 20) single pulse spike trains bursts of high frequency pulses strong decline of BOLD responses and BOLD distribution moderate decline of BOLD response and almost maintained BOLD distribution 4) between all no neuronal after-discharges presence of neuronal after-discharges similar BOLD responses, no sustained increase in BOLD baseline intensity collapse, followed by recovery, temporary increased BOLD signal intensity after cessation of stimuli collection of data now exists relating BOLD responses in the entire hippocampal formation with the quality and quantity of incoming signals and resultant spiking activity in the dentate gyrus. Based on all of the already available data sets, it becomes obvious that one is only able to back-reference from BOLD signal changes to neuronal processes when the development of BOLD responses during consecutive stimulations is considered. This also means that averaged data (in terms of distribution and magnitude of the hemodynamic response) are of very limited significance. Table 1 lists the first general conservative conclusions about the underlying neuronal processes in the hippocampus that can be drawn from measured BOLD responses. The summarized relations between input activity and the development of formed BOLD responses in the hippocampal formation can now be used to predict the size and distribution of BOLD responses to a new stimulus pattern or as a basis for further alignment by including additional data sets.
So far, the predicting power of this approach in a more natural context, i.e. during activation of the hippocampal formation by peripheral stimuli or even during cognitive processes, is still limited by at least two factors. First, in addition to the fimbria-fornix pathway and the dorsal/ventral commissures the perforant pathway is the only one of the three major fiber bundles entering the hippocampal formation. 54 Second, all studies used artificial and very simple stimulation patterns. Already the combination of two simple stimulation patterns, i.e. continuous 5 Hz and 1 Hz-20-pulse protocols, revealed a complex interaction ( Figure 6 ). Nevertheless, by studying more natural spike time series and/or modifications of other stimulus parameters, like pulse intensity or duration, the identified relations can easily be verified.
Electrical stimulation of CA3 pyramidal cells that project via commissural fibers to the contralateral CA1 region has been recently used to study the relation between neuronal activity and BOLD response in the hippocampus. 55 A similar approach to electrically stimulate the fimbria fornix pathway is feasible; thus, the effect of individual and combined stimulations of hippocampal afferent pathways on BOLD formation in the hippocampal formation can be determined in the future. Finally, all of these data may help to create a model to relate measured BOLD responses with basic neurophysiological processes in the hippocampal formation that can then be utilized to deconvolve BOLD signals in the hippocampus to analyze functional connectivities.
